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Abstract 1 
The nuclei of the basal ganglia pose a special problem for functional MRI, especially at 2 
ultra-high field, because T2* variations between different regions result in suboptimal 3 
BOLD sensitivity when using gradient-echo echo-planar imaging (EPI). Specifically, the 4 
iron-rich lentiform nucleus of the basal ganglia, including the putamen and globus 5 
pallidus, suffers from substantial signal loss when imaging is performed using 6 
conventional single-echo EPI with echo times (TE) optimized for the cortex. Multi-echo 7 
EPI acquires several echoes at different echo times for every imaging slice, allowing 8 
images to be reconstructed with a weighting of echo times that is optimized individually 9 
for each voxel according to the underlying tissue or T2* properties. Here we show that 10 
multi-echo simultaneous multi-slice (SMS) EPI can improve functional activation of iron-11 
rich subcortical regions while maintaining sensitivity within cortical areas. Functional 12 
imaging during a motor task known to elicit strong activations in the cortex and the 13 
subcortex (basal ganglia) was performed to compare the performance of multi-echo 14 
SMS EPI to single-echo SMS EPI. Notably within both the caudate nucleus and 15 
putamen of the basal ganglia, multi-echo SMS EPI yielded higher tSNR (an average 16 
84% increase) and CNR (an average 58% increase), an approximate 3-fold increase in 17 
supra-threshold voxels, and higher t-values (an average 39% increase). The degree of 18 
improvement in the group level t-statistics was negatively correlated to the underlying 19 
T2* of the voxels, such that the shorter the T2*, as in the iron-rich nuclei of the basal 20 
ganglia, the higher the improvement of t-values in the activated region. 21 
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Keywords 22 
Functional MRI, EPI, simultaneous multi-slice, multi-echo, susceptibility artifacts, signal 23 
loss, echo time, basal ganglia, motor   24 
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1. Introduction 25 
Blood oxygenation level dependent (BOLD) fMRI is most commonly performed using a 26 
gradient-echo echo-planar imaging (GE-EPI) sequence at high (3T) or ultra-high field 27 
(≥ 7T) for enhanced functional sensitivity. In conventional GE-EPI sequences, the 28 
functional contrast depends on the chosen echo time (TE). The maximum BOLD 29 
contrast occurs at the TE at which the difference in the T2* signal decay of the 30 
oxygenated states of hemoglobin is maximal. In a first approximation, this is achieved 31 
when matching the TE with the effective transverse relaxation time (T2*) of the 32 
underlying tissue (Gati et al., 1997; Triantafyllou et al., 2005). A particular challenge for 33 
functional MRI of subcortical nuclei is the significant regional variation in T2* that exists 34 
across different brain regions, specifically between cortical and subcortical regions, i.e. 35 
T2* in subcortical nuclei is considerably shorter than in cortical regions (Sedlacik et al., 36 
2014, Cohen-Adad et al., 2012; Deistung et al., 2013; Yao et al., 2009). 37 
The significant regional variation in T2* across different brain areas is caused by two 38 
effects, i.e. (i) by tissue-intrinsic (microscopic T2 and diffusion) as well as mesoscopic 39 
(smaller than voxel size, but larger scale than microscopic) relaxation effects, and (ii) by 40 
macroscopic effects from static field inhomogeneities. The macroscopic effects are 41 
caused by magnetic susceptibility differences at the interfaces between tissue, air, and 42 
bone (Volz et al., 2009) or suboptimal shim settings and can result in signal loss and 43 
image distortions. As these macroscopic effects depend on acquisition parameters such 44 
as slice-thickness and orientation, they can be partly reduced by optimizing a range of 45 
sequence properties including slice tilt and phase-encoding direction in a whole-brain 46 
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(Weiskopf et al., 2006; Weiskopf et al., 2007; Robinson et al., 2008) or in a slice-by-slice 47 
fashion (Brunheim et al., 2017; Stocker et al., 2006).  48 
While these techniques are well-suited to compensate for large-scale, temporally static, 49 
and gradually changing susceptibility gradients in space, they cannot compensate for 50 
microscopic and mesoscopic effects caused by the high iron content within the basal 51 
ganglia nuclei (Gelman et al., 1999; Ordidge et al., 1994), which lead to a short T2* in 52 
these brain regions (Robinson et al., 2004; Schenck, 2003, Peters et al., 2007). The 53 
reduced T2* then causes considerable signal loss in EPI images using a single TE 54 
optimized for cortical regions (Berger et al., 2016; Koopmans et al., 2011; van der 55 
Zwaag et al., 2009; Yacoub et al., 2001) as this TE is usually much longer than the T2* 56 
of the basal ganglia nuclei at ultra-high field (Cohen-Adad et al., 2012; Deistung et al., 57 
2013). Hence it is impossible for single-echo EPI to provide an optimal BOLD sensitivity 58 
for the entire brain. 59 
Multi-echo fMRI is a technique that has been shown to compensate for regional T2* 60 
variation and enhance functional sensitivity (Posse et al., 1999). Multi-echo imaging 61 
involves collecting multiple sets of echoes at a range of different TEs, which can then be 62 
combined to optimize functional sensitivity in a voxel-wise manner depending on the 63 
optimal TE for the underlying tissue. Applied to GE-EPI and in combination with parallel 64 
imaging, multi-echo EPI has been shown to improve functional sensitivity at both 3T 65 
(Poser et al., 2006) and 7T (Poser and Norris, 2009) with larger improvements seen in 66 
regions suffering from susceptibility-induced inhomogeneities. Here, we investigate the 67 
capabilities of multi-echo imaging to compensate for the mesoscopic, within-voxel 68 
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inhomogeneities that occur in iron-rich subcortical nuclei such as the basal ganglia while 69 
retaining high sensitivity in cortical regions. In this study, we combined the multi-echo 70 
readout with a state-of-the-art implementation of a simultaneous-multislice (SMS) 71 
acquisition and reconstruction technique to obtain a sub-second volume repetition time 72 
(TR) for whole-brain imaging. 73 
2. Theory 74 
2.1 Multi-echo imaging for fMRI 75 
Multi-echo EPI is a functional imaging technique that can increase the BOLD sensitivity 76 
while simultaneously reducing image distortions and signal loss (Poser and Norris, 77 
2009). In essence, multi-echo imaging involves acquiring multiple echoes in one shot 78 
following a single RF pulse. This opens up various possibilities for how to process the 79 
data and to exploit the additional information that is obtained by simultaneously 80 
acquiring the BOLD signal at different echo times. A straightforward option is to 81 
combine the different echoes into a single image time series, which can then be 82 
processed and analyzed in a conventional manner just like a single-echo acquisition; 83 
this is the path chosen for the present study. The change in T2* due to changes in blood 84 
oxygen level can also be investigated directly by fitting a mono-exponential decay to the 85 
different echoes (Speck and Hennig, 1998). Another option that has gained interest 86 
recently is to use the multi-echo information for automatic denoising with the MEICA 87 
technique (Kundu et al, 2017; Kundu et al., 2013; Kundu et al., 2012). This method 88 
attempts to separate ‘BOLD like’ from ‘non-BOLD like’ signal components (and filter out 89 
the latter) by performing an ICA across the spatial concatenation of the multiple echoes 90 
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and then characterizing their TE dependence as T2* induced (linear TE dependence, 91 
i.e. BOLD like) or S0 induced (no TE dependence, i.e. artifact like). However, the focus 92 
of this study was on BOLD sensitivity, and the ability of multi-echo EPI to provide more 93 
uniform sensitivity across different underlying T2* values; hence, we chose a form of 94 
weighted echo combination as described below. 95 
Echo combination using a weighted summation has been shown to maximize the 96 
contrast-to-noise-ratio (CNR) by matching the weights applied to images of different 97 
echo times to the bell-shaped BOLD sensitivity curve (Posse et al., 1999). However, this 98 
requires the accurate knowledge of the T2* values at each voxel location. An alternative 99 
strategy has been proposed by Poser et al. (2006), in which the different echoes are 100 
weighted directly by their measured CNR. To avoid confounds through task related 101 
signal changes, the tSNR needs to be estimated from additional calibration scans. 102 
However, a simple average across the different TE images outperformed the CNR-103 
weighted average in regions with short T2* (Poser and Norris, 2009), and a recent study 104 
by Kettinger et al. (2016) has shown that all combination schemes perform equally well. 105 
Here, we used the temporal average of the time series (AVG) instead of the tSNR. The 106 
benefit of this weighting scheme is that the weights can be directly estimated from the 107 
data and no additional calibration scans or model assumptions are required. 108 
Importantly, changes in the signal due to BOLD fluctuations (i.e. due to task or resting-109 
state fluctuations) do not influence the weights as they primarily affect the estimated 110 
variance, but not the average. 111 
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 Eq. 1 
One potential limitation of multi-echo EPI is the prolonged readout time, which is 112 
especially challenging for 7T-applications due to the short T2* values in grey matter and 113 
subcortical nuclei in comparison to lower field strength (Peters et al., 2007; Yao et al., 114 
2009). However, parallel imaging can be used to drastically reduce the number of phase 115 
encoding steps, which in turn reduces the EPI readout time and simultaneously 116 
increases the bandwidth in phase encoding direction to reduce image distortions and 117 
blurring (Poser et al., 2006). This has enabled the successful applications of multi-echo 118 
EPI at 7T to reduce artifacts and enhance functional contrast (Poser and Norris, 2009). 119 
In a separate development, SMS EPI (Feinberg et al., 2010; Setsompop et al., 2012) 120 
based on earlier work by Larkman et al. (2001) and Breuer et al. (2005) has brought the 121 
capability to significantly reduce the TR by acquiring multiple slices at once; for a review 122 
on this topic see Barth et al. (2016). In this study, we combine both the ME-EPI and 123 
SMS-EPI techniques, which allows us to acquire multi-echo EPI with whole-brain 124 
coverage at a temporal resolution of well below one second TR. 125 
2.2 Motor cortex and basal ganglia 126 
When performing complex motor movements, activity is elicited in a wide network of 127 
areas including cortical motor areas and subcortical nuclei of the basal ganglia and 128 
thalamus (Bednark et al., 2015; Cunnington et al., 2002; Lehericy et al., 2006). These 129 
subcortical nuclei within the basal ganglia are known to be high in iron content. Early 130 
post-mortem histological evidence showed that non-heme iron levels vary throughout 131 
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the brain with highest concentration consistently found within the basal ganglia, 132 
particularly within the lentiform nucleus that contains regions of the putamen and globus 133 
pallidus (Drayer et al., 1986; Hallgren and Sourander, 1958). These early findings have 134 
been confirmed in-vivo through recently developed MRI techniques that form 135 
susceptibility-weighted images sensitive to iron levels (Deistung et al., 2013; Haacke et 136 
al., 2005; Haacke et al., 2004; Schafer et al., 2012; Schweser et al., 2011). While the 137 
high iron content of the basal ganglia can be exploited for anatomical imaging to 138 
improve delineation of structural boundaries (Abosch et al., 2010), it is highly 139 
detrimental for the functional contrast necessary for fMRI. This is particularly 140 
problematic at high magnetic field strengths as the signal decays even more rapidly 141 
resulting in shorter T2* and very little signal remaining at typically used TEs (Schenck, 142 
2003). Multi-echo EPI sequences may therefore be ideally suited to whole-brain fMRI of 143 
complex motor movements at 7T, to improve the concurrent imaging of cortical and 144 
subcortical areas that differ in underlying T2* values and thereby to compensate for the 145 
signal loss typical seen in fMRI of the basal ganglia. 146 
3. Methods 147 
To test whether multi-echo EPI can improve functional imaging of cortical and 148 
subcortical areas over single-echo EPI for a complex motor task, we performed whole-149 
brain fMRI during finger motor movements known to elicit coordinated activity in primary 150 
motor cortex (M1), supplementary motor cortex (SMA), and the basal ganglia. Data 151 
were collected using both single-echo and multi-echo sequences for each participant to 152 
allow direct comparison between MRI sequence types. 153 
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3.1 Participants 154 
N = 10 right-handed participants (7 female) in the age range of 21-30 years, (M = 25.1, 155 
SD = 3.6 years) with no history of neurological or psychiatric diseases participated in 156 
this study. The experiment was conducted with the understanding and written consent 157 
of each subject and was approved by the local ethics committee and in accordance with 158 
national guidelines. 159 
3.2 Experimental design 160 
Participants performed motor movements in response to visual cues while inside the 161 
MRI scanner (Fig. 1). The visual stimuli were presented on a projector screen at the 162 
back of the scanner, viewed from a mirror mounted on the head coil. There were two 163 
experimental conditions, simple and complex finger-movements, which both involved 164 
making four-finger motor movements by pressing buttons in sequence on a four-button 165 
response box with the index, middle, ring, and little fingers of the right hand. Previous 166 
work has shown that this movement task elicits focal clusters of differential activity in 167 
cortical motor areas and within the basal ganglia (Bednark et al., 2015). The rationale 168 
was to therefore use these two conditions to localize and then examine the responses in 169 
voxels simultaneously activated in both cortex and subcortex under multi-echo versus 170 
single-echo imaging sequences. 171 
The motor responses in both conditions (i.e. simple and complex) were self-paced and 172 
differed only in the duration of button presses. The stimulus for the simple movement 173 
condition (Fig. 1A) consisted of four equal sized and evenly spaced dashes. Subjects 174 
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made four consistent, medium length button presses with the same stimulus presented 175 
for each trial within a simple block. For the complex movement condition (Fig. 1B), the 176 
stimulus consisted of dots and dashes indicating button presses of different durations, in 177 
a Morse code style. Dots represented a short button press while dashes represented a 178 
long button press, with a combination of two short and two long presses per 179 
presentation. Therefore, there were six possible combinations of short and long button 180 
presses for the complex condition. A single trial of either the simple or complex 181 
movement condition involved the visual cue being presented for 2500 ms, followed by a 182 
fixation cross that was presented for another 500 ms, as shown in Figure 1. Subjects 183 
were instructed to complete the movement before the next presentation of the fixation 184 
cross but to remain consistent, taking up the entire available time to complete the 185 
movement. 186 
The fMRI paradigm followed a block design consisting of three types of blocks: simple 187 
movement, complex movement, and rest (Fig. 1C). Each movement block contained six 188 
single trials (3000 ms trial length), in which participants performed either the simple or 189 
complex movement, resulting in a total block length of 18 s. In every complex 190 
movement block, each of the six possible combination of short and long button presses 191 
was presented once. Between complex movement blocks, the order of presentation of 192 
the different combinations was randomized. In the simple movement block, participants 193 
performed the simple movement repeatedly. In the rest block, participants were 194 
instructed to passively view the fixation cross. 195 
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For all participants, each fMRI run started with a rest block (Fig. 1C). The order of the 196 
first presentation of each of the two following movement conditions was then 197 
counterbalanced between participants. Specifically, half of the participants followed the 198 
order of rest – simple – complex – rest – complex – simple repeated, while the other 199 
half followed the order of rest – complex – simple – rest – simple – complex repeated. 200 
An extra rest block was also included following the final movement condition to ensure 201 
the BOLD signal associated with the movement was acquired. In total, each movement 202 
condition was presented six times and a full run lasted of 342 s. Two functional runs 203 
were collected using each sequence (i.e. single-echo and multi-echo) within the scan 204 
session, and the order was counterbalanced with respect to acquisition sequence. 205 
 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 
13
 
Figure 1. For the simple movement condition (A) participants made four 
consistent medium length button presses corresponding to the four evenly 
spaced dashes. For the complex movement condition (B) participants 
completed combinations of two short and two long button presses 
corresponding to dots and dashes. Importantly, the stimulus in the complex 
condition changed with each presentation, while the stimuli in the simple 
condition remained the same. For both simple and complex conditions, the 
fixation cross was present for 500 ms with the stimulus presented for 2500 ms. 
Each run started with a rest block of 18s (C), followed by simple – complex – 
rest – complex – simple blocks for half of the participants. The other half the 
participants started with the complex movement condition. In total, six simple 
and six complex blocks were presented per run, and each run lasted for 342 s. 
 
Before beginning the experiment, participants completed a training run. The training 206 
was sufficiently short to ensure the complex movement sequences were not learned, 207 
but participants were able to become familiar with the visual cues, button responses and 208 
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requirements of the task. This training took place either outside the scanner on a 209 
standard desktop computer and keyboard or in the scanner before the first functional 210 
scan. 211 
3.3 Magnetic resonance imaging data acquisition 212 
All images were acquired on a whole-body 7T Siemens Magnetom MRI scanner 213 
(Siemens Healthcare, Erlangen, Germany) with a 32-channel head coil (Nova Medical, 214 
Wilmington, US). B0 shimming up to 3rd order was employed to minimize field 215 
inhomogeneity. The single-echo images were acquired using the CMRR SMS sequence 216 
implementation (release 11a) (https://www.cmrr.umn.edu/multiband/). The multi-echo 217 
acquisition used a SMS version of the multi-echo sequence described in Poser and 218 
Norris (2009).  When choosing the sequence settings, the following key parameters 219 
were kept equal for both sequences to facilitate the comparison: spatial resolution (to 220 
prevent tSNR changes through differences in voxel volume), total scan time, in-plane 221 
acceleration factor using GRAPPA (Griswold et al., 2002) and slice acceleration factor 222 
using SMS (to obtain comparable image quality). SMS reconstruction was done using 223 
the slice-GRAPPA technique (Setsompop et al., 2012) as implemented in the CMRR 224 
sequence for the single-echo EPI, and the MGH blipped-CAIPI SMS-EPI sequence 225 
(https://www.nmr.mgh.harvard.edu/software/c2p/sms) for the multi-echo sequence. The 226 
CMRR implementation for the single-echo sequence was chosen as it is a well-227 
established, commonly used sequence for single-echo EPI (Van Essen et al., 2013).  It 228 
also offers increased reconstruction speed compared to other sequences such as the 229 
single echo version of the multi-echo sequence. The in-plane acceleration factor was 230 
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selected based on the multi-echo sequence to facilitate the acquisition of three echoes 231 
with sufficiently short echo times. Further shortening of the EPI echo trains was effected 232 
by use of phase partial Fourier (6/8) in case of the multi-echo sequence. The slice 233 
acceleration factor was chosen to provide sub-second temporal resolution for whole-234 
brain acquisition. Images were acquired with axial slices covering the brain from the 235 
most dorsal cortex to approximately midway through the cerebellum. 236 
In detail, both sequences shared the following acquisition parameters: isotropic voxel 237 
size = 2.5 mm, matrix size = 84 x 84, FOV = 212 x 212 mm, number of slices = 48, flip 238 
angle = 35°, GRAPPA acceleration factor = 2, SMS acceleration factor = 4. The TE for 239 
the single-echo acquisition was set to 23 ms, slightly shorter than the measured 240 
optimum for 7T BOLD fMRI in cortical areas (Berger et al., 2016; Koopmans et al., 241 
2011; van der Zwaag et al., 2009; Yacoub et al., 2001). The three echoes of the multi-242 
echo sequence were acquired at 9.9 ms, 28 ms and 45 ms, respectively. While 243 
resolution and acceleration factors were equal for both sequences, the TR was set to 244 
the minimal possible length to maximize the number of acquired samples for a given 245 
run-length, resulting in a TR of 589 ms for the single-echo sequence and 830 ms for the 246 
multi-echo sequence.  247 
For anatomical reference, a three-dimensional whole brain T1-weighted structural 248 
image was acquired for each participant using a prototype MP2RAGE sequence (WIP 249 
900) (Marques et al., 2010; O’Brien et al., 2014) with the following parameters: TE = 250 
2.5 ms, TR = 4300 ms, flip angle (FA) = 5° and 6°, inversion time (TI) = 840 ms and 251 
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2370 ms, GRAPPA factor = 3, acquisition matrix = 320 x 300 x 256 and an isotropic 252 
voxel size of 0.75 mm. 253 
3.4 Preprocessing 254 
All MRI data preprocessing was performed using the AFNI analysis package (Cox, 255 
1996). Each functional EPI volume was registered to the volume with the minimum 256 
outlier fraction (i.e. the volume that is least different from all the others after detrending) 257 
to correct for head motion. The subject’s anatomical images were aligned with the 258 
functional data by skull-stripping and then aligning the anatomical to the same EPI base 259 
(with minimum outlier fraction) using AFNI’s align_epi_anat.py script. The functional 260 
data for each subject was transformed into a standard space by computing the 261 
transform required to non-linearly warp the subject’s anatomical to match the Montreal 262 
Neurological Institute (MNI) 152 template at 0.75 mm isotropic resolution (Fonov, 263 
Evans, McKinstry, Almli, & Collins, 2009) and then applying this tranform to the 264 
functional data. 265 
The initial preprocessing steps were performed identically for both the single-echo and 266 
multi-echo data, with the only difference being that there were three sets of images per 267 
run for the multi-echo data rather than a single set per run as in the case of the single-268 
echo data. Weighted summation based on the temporal average as described in section 269 
2.1 was then used to combine the different echoes. To obtain estimates of T2* values in 270 
cortical and sub-cortical regions, we performed a voxel-wise linear fit on the logarithm 271 
across the three echoes for each subject on the temporal average, assuming a mono-272 
exponential decay and low noise levels. 273 
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3.5 Single-subject analysis  274 
All functional time-courses were scaled to percent signal change (i.e. each voxel time 275 
series was scaled to have a mean of 100) before calculating a multiple linear 276 
regression. The regression model contained 2 regressors corresponding to each 277 
experimental condition (simple and complex movement, Fig 1C) generated by 278 
convolving the stimulus timing of each condition with a canonical hemodynamic 279 
response function model. A further 6 regressors, estimated from the volume registration 280 
step and representing the participant’s head movement during the scan, were also 281 
included. From the calculated regression model, contrast-to-noise ratio (CNR)  was 282 
calculated on a voxel-wise basis for each condition by dividing each voxel’s beta or 283 
linear contrast value from the general linear model analysis by the standard deviation of 284 
the residual error of the time-series for that voxel. Results from the single-subject 285 
regression analysis were then used in a second stage group analysis as described 286 
below (section 3.6). 287 
In addition to the task-based fMRI, resting state scans were acquired for a single 288 
participant to assess the tSNR achieved with both sequences. To this end, 50 volumes 289 
were collected at rest using each sequence, and tSNR images were calculated by 290 
dividing the mean signal in each voxel by its standard deviation across all 50 volumes. 291 
The tSNR was then compared across regions of interest (ROIs) by calculating the 292 
average tSNR of all voxels within each ROI. 293 
ROIs for the tSNR analysis included cortical regions M1 and SMA as well as the 294 
subcortical caudate nucleus (CN) and putamen (PUT) within the basal ganglia. The 295 
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cortical regions were defined using the Harvard-Oxford atlas developed at the Center 296 
for Morphometric Analysis (CMA), and distributed with the FMRIB Software Library 297 
(FSL) (Desikan et al., 2006; Frazier et al., 2005; Goldstein et al., 2007; Makris et al., 298 
2006). This probabilistic atlas was thresholded at 33 % and resampled to match the 299 
resolution of the functional data (2.5 mm isotropic). For the subcortical nuclei, the basal 300 
ganglia were first identified using a recently published basal ganglia atlas derived from 301 
high-resolution 7T anatomical imaging (Keuken et al., 2014). As this atlas defines the 302 
striatum as a single ROI, the striatum was then manually divided into the CN, PUT, and 303 
ventral striatum (VST) based on the guidelines set forth by Tziortzi et al. (2014). 304 
3.6 Group analysis 305 
To construct group statistical parametric maps to examine effects across all 306 
participants, mixed effects meta-analyses were performed using AFNI’s 3dMEMA. This 307 
program models both within- and across-subject variability and therefore requires both 308 
the regression coefficients or a general linear contrast among them as well as the 309 
associated t-statistic from each subject. Being interested in the voxels that respond 310 
differentially to the complex vs. simple movement conditions, we used the general linear 311 
contrast between the two regression coefficients (complex – simple) and the 312 
corresponding t-statistics from each subject to construct the group maps. 313 
The mixed effects meta-analysis was first performed separately for the single-echo and 314 
combined multi-echo data to construct sequence-specific group maps. The overall 315 
extent of activation detected using the different sequences was compared by counting 316 
the number of active voxels within each atlas-based ROI (section 3.5) for each 317 
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sequence-specific group map. Voxels were defined as active if they survived a 318 
threshold set to the false discovery rate (FDR)-corrected q value of 0.05 (Genovese et 319 
al., 2002). 320 
Next, those voxels within the atlas-based ROIs that were commonly activated in both 321 
sequences, i.e. those showing a significantly different response to the complex 322 
movement condition compared to the single movement condition across both 323 
sequences, were identified. To this end, data from both sequences were combined into 324 
one dataset and the same mixed effects meta-analysis was performed. The rationale for 325 
not including the entire structural ROIs was that only small regions within the relevant 326 
basal ganglia nuclei were expected to show activation due to the motor task (Bednark et 327 
al., 2015). Therefore, including all voxels within a structural ROI for analysis would 328 
result in a very small effect size, as the majority of voxels within the ROI would not show 329 
significant activation. These functionally-defined ROIs were then applied to the 330 
sequence-specific group maps to compare the t-statistic values measured using each 331 
sequence across an identical set of voxels. These same ROIs were also applied to 332 
group CNR maps constructed by voxel-wise averaging of the individual subject CNR 333 
maps. 334 
4. Results and Discussion 335 
4.1 tSNR in a single subject 336 
tSNR images were computed for each sequence using the resting state scans with an 337 
equal number of volumes from a single subject to illustrate basic signal properties 338 
(Fig. 2A) (Welvaert and Rosseel, 2013) and indicate the effect of weighting the first 339 
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echo in the basal ganglia (Fig. 2B). Figure 2A (top) shows a single axial slice of the 340 
tSNR images computed for the single-echo data (left) and for the combined multi-echo 341 
data (right). The slice shown intersects the BG (red arrows), and as expected, although 342 
tSNR is high in the cortex, considerable signal loss can be seen in the basal ganglia in 343 
the single-echo data. The combined multi-echo data, however, suffers far less from this 344 
signal void, profiting from the increased signal levels incorporated from the earlier echo. 345 
This is illustrated in the tSNR images (Fig. 2A, bottom) and echo weighting maps (Fig. 346 
2B) constructed separately for the individual echo data collected with the multi-echo 347 
sequence. Note the increased contribution of the first echo in the basal ganglia 348 
illustrated in the echo weighting maps.  349 
To quantify the tSNR in each ROI we averaged across all voxels in each ROI (Fig. 2C) 350 
finding that the multi-echo sequence yielded higher tSNR in all ROIs, both cortical and 351 
subcortical with an average increase in tSNR of 84 % in the basal ganglia ROIs. This 352 
was further supported by a paired-sample t-test performed on the tSNR values across 353 
all voxels within the ROIs, finding that the tSNR was significantly greater for the multi-354 
echo sequence (M=116, SD=42) than the single-echo sequence (M=70, SD=25); 355 
t(6835)= -114, p<0.001. These results show that, as expected, tSNR of the multi-echo 356 
sequence is increased overall, partially due to a longer readout; making better use of 357 
the ‘dead time’ after the RF excitation is indeed one of the advantages of multi-echo EPI 358 
(Poser and Norris, 2009). 359 
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Figure 2. (A) tSNR maps. Top, increased tSNR was found for the combined 
multi-echo acquisitions compared to the single-echo sequence. Red arrows 
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indicate dark areas of signal loss in the basal ganglia. Bottom, tSNR maps of 
each echo of the multi-echo sequence illustrating the relatively homogenous 
tSNR for the first echo and the signal loss in the basal ganglia at the later 
echoes. (B) Weighting maps at same slice for each echo (see Eq. 1) with 
higher values for the first echo in the basal ganglia. (C) Average tSNR in each 
ROI showing the increased tSNR for the multi-echo sequence. Error bars 
represent standard deviation of the tSNR across all voxels in each ROI. 
 
When optimizing both sequences, we aimed to keep key parameters, such as 360 
resolution, in-plane and slice acceleration factor, FOV and reconstruction 361 
technique (Setsompop et al., 2012), equal to facilitate the comparison and 362 
interpretation of the results. Note that the same flip angle was also used for both 363 
sequences despite different TRs. While image SNR strongly depends on the 364 
chosen flip angle with respect to the repetition time, tSNR remains nearly 365 
constant across a broad range of flip angles (Gonzalez-Castillo et al., 2011). 366 
Hence, we do not expect a noticeable impact on the tSNR measurements due to 367 
using the same flip angle at different TRs. Furthermore, reconstruction 368 
performance between the two sequences might differ slightly (e.g. g-factor 369 
related noise amplification), similar to when comparing the same sequence with 370 
different acceleration factors (Setsompop et al. 2012, Moeller et al., 2010, Chen et 371 
al. 2015). This is related to variations in the sequence implementation and the 372 
additional partial Fourier factor employed in the multi-echo acquisition, and 373 
hence, could not be fully avoided. 374 
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4.2 Group statistical parametric mapping 375 
Group t-statistic maps were computed separately for the single-echo (Fig. 3A) and 376 
combined multi-echo (Fig. 3B) data to examine how the spatial distribution and extent of 377 
the detected activation compared between the two sequences. Bilateral activation was 378 
detected in each ROI for both sequences with the multi-echo sequence showing a 379 
greater extent of activation in all ROIs except the SMA (Fig. 3C). Qualitative comparison 380 
of the activation maps across sequences reveals the most striking difference is in the 381 
area of the basal ganglia (Fig. 3A,B – green arrows), with a much greater extent of 382 
activation and larger t-statistics evident in the multi-echo data. For example, we 383 
observed about a 3-fold increase in supra-threshold voxel in both the putamen and 384 
caudate nucleus for the multi-echo sequence (Fig. 3C). In addition to the a priori defined 385 
subcortical ROIs, significant bilateral activation was also detected in the thalamus (Fig. 386 
3A,B – purple arrows). Although it is clear that a greater extent of activation was 387 
detected in the region of the thalamus using the multi-echo sequence compared to the 388 
single-echo, the responses in this region were not analyzed further. Recall that the 389 
group activation maps in Figure 3 were constructed using the contrast between the 390 
complex and simple movement conditions. Group activation maps for the two 391 
movement conditions vs. rest are included as supplementary material (Figs. S1 and S2) 392 
and, as expected, showed a much broader extent of cortical activation similar to that 393 
elicited by a conventional finger tapping motor paradigm.  394 
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Figure 3. Group activation maps displayed on a series of axial slices. (A) Single-
echo and (B) multi-echo group t-statistic maps, both thresholded at a FDR-
corrected q<0.05. Top illustrates a mosaic of slices across both cortical and 
subcortical ROIs. Bottom shows zoomed in version of two slices from the mosaic 
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(denoted by red outline) showing considerable differences in basal ganglia 
activation between the two sequences. Green arrows point to regions in the 
basal ganglia showing marked improvement with the multi-echo sequence. 
Purple arrows point to significant activation in the thalamus, which, although not 
included in the subcortical ROI, also shows an improvement with the multi-echo 
sequence. (C) Number of functionally active voxels detected (i.e. those surviving 
threshold) within each ROI. 
 
4.3 Comparing activation parameters  395 
To compare activation parameters across sequences and brain region, we extracted 396 
these from an identical set of voxels within each functionally-defined ROI (see section 397 
3.6 for more on ROI definition and see supplementary Fig. S3 for an illustration of the 398 
ROIs). A 2-way repeated measures ANOVA was performed to test the effect of 399 
sequence (single-echo, multi-echo) and ROI (M1, SMA, CN, PUT) on the magnitude of 400 
the t-statistic associated with the linear contrast between the two movement conditions 401 
(Figure 4A). Mauchly's test revealed that the assumption of sphericity was violated so 402 
the Greenhouse-Geisser correction was used. A main effect was found for both 403 
sequence [F(1, 138)=111, p<0.001)] and ROI [F(2.5, 340)=24, p<0.001)] as well as 404 
significant interaction between the two [F(2.6, 361)=46, p<0.001)]. The significant 405 
interaction indicates that the effect of the sequence was dependent on the ROI. As can 406 
be seen in Figure 4A, it is clear that the improvement in t-statistic provided by the multi-407 
echo sequence is greater in subcortical compared to cortical areas, with one of the 408 
cortical areas (SMA) actually showing a decrease in magnitude of the t-statistics when 409 
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using multi-echo compared to single-echo data. When interpreting the t-statistics results 410 
here and in Fig. 3, it is important to note that, when computing statistical maps on the 411 
single-subject level prior to performing the group analysis, the degrees-of-freedom 412 
differed between the two sequences due to the single-echo sequence having a shorter 413 
TR (approximately 30 % more volumes were acquired using the single-echo sequence 414 
compared to the multi-echo sequence). Hence, the improvement seen using the multi-415 
echo sequence is in spite of the advantage afforded by the faster TR of the single-echo 416 
sequence.  417 
 
 
Figure 4. Comparing group activation parameters across sequence and brain 
region. (A) Increase in mean t-statistic was observed in putamen, caudate and 
M1 with highest improvement in the subcortical nuclei. (B) Increased CNR 
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values were found in all ROIs. Error bars represent standard error of the mean. 
 
To better understand the improvement in t-statistic afforded by the multi-echo 418 
sequence, additional 2-way repeated measures ANOVAs were performed to test the 419 
effect of sequence (single-echo, multi-echo) and ROI (M1, SMA, CN, PUT) on the CNR 420 
(Figure 4B). Again, a Greenhouse-Geisser correction was used as Mauchly's test 421 
revealed that the assumption of sphericity was violated. A main effect was found for 422 
both sequence [F(1, 138)=240, p<0.001)] and ROI [F(2.2, 305)=210, p<0.001)] as well 423 
as a mild interaction between the two [F(2.0, 280)=3.5, p=0.03)]. Inspection of Figure 4B 424 
reveals that the functional CNR was significantly higher for the multi-echo compared to 425 
the single-echo data in all ROIs (p<0.001). Together, these results demonstrate that 426 
increase in CNR on the single-subject level can translate to an improvement in t-427 
statistics on the group level, with higher t-value gains in the subcortical regions.  428 
4.4 Relationship of sensitivity gains toT2*   429 
The main goal of this study was to investigate the potential benefit of using a multi-echo 430 
EPI sequence to improve the simultaneous imaging of cortical and subcortical areas 431 
with different underlying T2* values. From previous work, it was expected that multi-432 
echo imaging would improve image quality across the whole-brain, however, it was also 433 
predicted that this improvement would be greater in iron-rich subcortical nuclei marked 434 
by lower T2* values compared to cortical areas. In section 4.3, it was shown that 435 
improvement in t-statistic was indeed greater in subcortical areas compared to cortical 436 
regions. To further examine this issue, T2* values were estimated at each voxel and 437 
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then compared to the degree of improvement in t-statistic provided by the multi-echo 438 
sequence. As expected, the average T2* varied across ROIs with the subcortical nuclei 439 
being marked by shorter T2* estimates than the cortical areas [ROI(mean,SD): M1(25.2, 440 
3.7); SMA(30.9, 9.7); CN(18.3, 2.4); PUT(17.5, 2.9)]. Interestingly, these values are 441 
close to the T2* values reported in (Peters et al., 2007), indicating that indeed the major 442 
source of signal dephasing in the basal ganglia are microscopic and mesoscopic 443 
susceptibility variations and not macroscopic field inhomogeneities. Figure 5 shows that 444 
there is a distinct correspondence between the T2* estimate and the improvement in t-445 
statistic. It appears that the improvement is greatest in subcortical regions with lower 446 
T2* values relative to the cortical regions, with one of the cortical regions (SMA) actually 447 
showing a decrease in the average t-statistic when using the multi-echo sequence (Fig. 448 
5). This relationship is further supported by a significant negative voxel-wise correlation 449 
between the T2* estimate and the improvement in t-statistic (r = -0.2665, P<.001). 450 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 
29
Figure 5. Improvement in t-statistic across brain regions. Main plot illustrates the voxel-
wise comparison between the improvement in t-statistic and an estimate of the 
underlying T2*. Insets shows the average improvement (upper right) and T2* (lower 
right) in each ROI. Error bars represent standard error of the mean. 
 
5. Conclusions and Recommendations 451 
This technical note demonstrates that multi-echo imaging can be used to improve the 452 
concurrent functional imaging of the cortex and subcortex at 7T compared to 453 
conventional single-echo EPI. As predicted, the greatest improvement in detecting 454 
activation was seen in the iron-rich, subcortical nuclei of the basal ganglia. Importantly, 455 
this was achieved while maintaining sensitivity to functional activity in the cortex 456 
although a slight decrease in performance was seen in the supplementary motor area. 457 
The improvement afforded by multi-echo imaging was achieved by maximizing 458 
sensitivity to different echo times at each voxel through a weighted combination of the 459 
multiple echoes. By combining multi-echo imaging with a SMS acquisition scheme, it 460 
was possible to collect all three echoes with whole-brain coverage at a temporal 461 
resolution well below one second. Hence, the multi-echo SMS EPI sequence 462 
implemented here is well-suited to serve a wide range of functional imaging 463 
experiments.  464 
One potential limitation for multi-echo EPI is the longer required echo train length. Using 465 
moderate parallel imaging factors and a conventional voxel size, we were, however, 466 
able to achieve sufficiently short TEs for imaging the iron rich basal ganglia nuclei at 7T. 467 
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When higher resolution is required, one could either increase the acceleration factors of 468 
the parallel imaging methods employed here or resort to alternative acquisition schemes 469 
such as segmented Cartesian readouts (Hoogenraad et al., 2000; Li et al., 2002) or 470 
multi-echo spirals (Barth et al., 1999). Additionally, one could also further reduce the 471 
number of echoes, essentially acquiring only one early and one late echo. Given that 472 
the estimated average T2* in the Putamen was much higher than the first TE of the 473 
multi-echo sequence, it might be possible to increase the resolution and, thereby, 474 
lengthen the first TE to still obtain sufficient sensitivity in the iron-rich basal ganglia 475 
nuclei. 476 
While in this study the main focus was on increased sensitivity to the BOLD signal, 477 
multi-echo EPI-based techniques to reduce noise contributions from physiology are 478 
powerful means to further increase functional sensitivity. For example, MEICA has been 479 
shown to reliably detect and remove physiological noise from fMRI time series (Kundu 480 
et al., 2013; Kundu et al., 2012). Physiological noise (i.e. signal fluctuations in fMRI time 481 
series associated with cardiac and respiratory activity (Weisskoff et al., 1993)) 482 
constitutes a major source of unwanted signal fluctuations (Bianciardi et al., 2009) 483 
increasing with field strength (Triantafyllou et al., 2005). Physiological noise is 484 
particularly problematic near the basal ganglia nuclei due to their proximity to major 485 
veins, with physiological noise modelling being shown to provide up to 30 % tSNR gain 486 
in these subcortical nuclei at 3T (Kasper et al., 2017). In this respect, the results 487 
obtained here represent a lower bound on the boost in sensitivity provided by multi-echo 488 
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EPI at ultra-high field, with a further potential increase in sensitivity and specificity 489 
through physiological noise modelling (Boyacioğlu et al., 2015). 490 
We conclude that multi-echo EPI acquisition offers increased BOLD sensitivity in 491 
regions with short T2*, such as the basal ganglia, and should be chosen over 492 
conventional GE-EPI when concurrently imaging cortical regions and iron-rich 493 
subcortical nuclei at 7T.  494 
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